The IjB kinase (IKK) complex is a central component in the classic activation of the nuclear factor-jB (NF-jB) pathway. It has been reported to function in physiologic responses, including cell death and inflammation. We have shown that IKK is regulated by oxidative status after transient focal cerebral ischemia (tFCI) in mice. However, the mechanism by which oxidative stress influences IKKs after tFCI is largely unknown. Nuclear accumulation and phosphorylation of IKKa (pIKKa) were observed 1 h after 30 mins of tFCI in mice. In copper/zinc-superoxide dismutase knockout mice, levels of NF-jB-inducing kinase (NIK) (an upstream kinase of IKKa), pIKKa, and phosphorylation of histone H3 (pH3) on Ser10 were increased after tFCI and were higher than in wild-type mice. Immunohistochemistry showed nuclear accumulation and pIKKa in mouse brain endothelial cells after tFCI. Nuclear factor-jB-inducing kinase was increased, and it enhanced pH3 by inducing pIKKa after oxygen-glucose deprivation (OGD) in mouse brain endothelial cells. Both NIK and pH3 interactions with IKKa were confirmed by coimmunoprecipitation. Treatment with IKKa small interfering RNA significantly reduced cell death after OGD. These results suggest that augmentation of NIK, IKKa, and pH3 in response to oxidative stress is involved in cell death after cerebral ischemia (or stroke).
Introduction
Oxidative stress has been implicated in the progression of cerebral ischemia. Reactive oxygen species (ROS) mediate nuclear factor-kB (NF-kB) activation, which is a principal redox-sensitive transcriptional factor, tightly controlled by IkB kinases (IKKs) (Scheidereit, 1998; Schreck et al, 1991) . IkB kinases are composed of at least three subunits, catalytic IKKa and IKKb, and regulatory IKKg, which phosphorylate IkB and release the NF-kB protein in the NF-kB signaling cascade (Courtois et al, 2001) . Although one of the most specific steps in NF-kB signaling is the activation of IKKs, the mechanism by which they are involved in oxidative stress during transient cerebral ischemia is not fully understood. Cerebral ischemia leads to an increase in IKKb activity, and interference in IKKb function in the brain reduces ischemic damage (Han et al, 2003; Herrmann et al, 2005) ; however, we found decreases in mRNA and IKK protein levels after cerebral ischemia, which were prevented in copper/zincsuperoxide dismutase (SOD1) transgenic mice that had low levels of ROS (Song et al, 2005) . This study indicates that IKKs are regulated by redox status. Moreover, although degradation of IKKs was detected after transient focal cerebral ischemia (tFCI) in mice, NF-kB signaling of IKKs was activated downstream. These observations raised the question of whether IKKs may be related to the independent NF-kB pathway. IkB kinase-b has a higher activity for IkBa than does IKKa in the NF-kB pathway. It is a conserved helix-loop-helix ubiquitous kinase that phosphorylates unexpected substrates, such as b-catenin, cyclin D1, and cyclic adenosine monophosphate-responsive element-binding protein (Albanese et al, 2003; Huang et al, 2007; Lamberti et al, 2001) . In addition, IKKa has important roles in mammary gland development and keratinocyte differentiation (Descargues et al, 2008; Park et al, 2005) . It is also responsible for cytokine-induced phosphorylation of histone H3 in HeLa cells and mouse embryo fibroblast cells (Anest et al, 2003; Yamamoto et al, 2003) . However, IKKa is not recruited to the IkBa promoter in cells stimulated with lipopolysaccharide (Saccani et al, 2001) . This implies that such recruitment is not a general mechanism. In cerebral ischemia, the cellular function of IKKa in response to oxidative stress is largely unknown. Which molecules interact with IKKa to promote neuronal cell death or neuroprotection? The purpose of this study was to elucidate the effect of oxidative stress in IKKa signaling after cerebral ischemia. We investigated the subcellular changes and the role of IKKa after tFCI using SOD1 knockout (KO) mice that had high levels of ROS, and examined the cellular role of IKKa in oxygen-glucose deprivation (OGD) in mouse brain endothelial cells.
Materials and methods

Focal Cerebral Ischemia
Experiments were conducted in accordance with the National Institutes of Health guidelines and were approved by the Stanford University Administrative Panel on Laboratory Animal Care. CD1 mice were purchased from Charles River Laboratories (Wilmington, MA, USA). Superoxide dismutase-deficient mice, including SOD1 heterozygous (SOD1À/ + ) and SOD1 KO mice, designated CD1-SOD1 < tm1 Cje > , were produced by Epstein and colleagues (Kondo et al, 1997) . No phenotypic differences were observed among wild-type (WT) or SOD1 KO mice. Mouse genotypes were determined by a PCR of DNA obtained from tail biopsies. Adult male mice (weighing 35 to 40 g) were subjected to 30 mins of tFCI and reperfusion. An 11.0-mm 5-0 surgical monofilament nylon suture, blunted at the tip, was introduced into the left internal carotid artery through the external carotid artery stump (Kondo et al, 1997) . The mice were anesthetized with 2.0% isoflurane in 30% oxygen and 70% nitrous oxide using a facemask. Rectal temperature was controlled at 371C using a homeothermic blanket. After 30 mins of middle cerebral artery occlusion, blood flow was restored by withdrawal of the nylon suture. Sham-operated mice underwent exposure of vessels without blood withdrawal.
Cell Culture
An immortalized mouse brain endothelial cell line, bEnd.3 (Montesano et al, 1990) , was purchased from the American Type Culture Collection (Manassas, VA, USA), and the cells were grown according to the supplier's instructions in Dulbecco's modified Eagle's medium with 4.5 g/L glucose, 3.7 g/L sodium bicarbonate, 4 mmol/L glutamine, 10% fetal bovine serum, 100 Units/mL penicillin, and 100 mg/mL streptomycin. Cells were maintained in a humidified cell culture incubator at 371C and 5% CO 2 /95% room air as instructed by the manufacturer. For all experiments, cells were trypsinized and seeded at a density of 0.5 to 1.0 Â 10 4 cells per cm 2 onto tissue culture-treated plastic ware.
Oxygen-Glucose Deprivation
Cultures were transferred to an anaerobic chamber (Plas Labs, Lansing, MI, USA) with an atmosphere of 5% H 2 and 90% N 2 . The culture medium was replaced three times with deoxygenated, glucose-free balanced salt solution (BSS 0 ), pH 7.4, containing phenol red (10 mg/L), and the following (in mmol/L): NaCl 116, CaCl 2 1.8, MgSO 4 0.8, KCl 5.4, NaH 2 PO 4 1, NaHCO 3 14.7, and HEPES 10. BSS 5.5 that contained 5.5 mmol/L glucose. Cultures were placed in a humidified 371C incubator within the anaerobic chamber. Oxygen tension was monitored using an oxygen electrode meter and was kept under 0.02%. Oxygenglucose deprivation was ended by adding glucose to the culture medium to yield a final concentration of 5.5 mmol/ L and returning the cultures to the normoxic incubator for the indicated time period before sampling.
Transfection of Small Interfering RNA
Both IKKa small interfering RNA (siRNA) (product name: Mm_Chuk_1 HP siRNA) and negative control siRNA were purchased from Qiagen (Valencia, CA, USA). bEnd.3 cells (3 Â 10 5 ), seeded onto 60-mm plates and incubated overnight, were 50% to 60% confluent. HiPerFect transfection reagent (Qiagen) and IKKa siRNA (Qiagen) or nonfunctional negative control siRNA (Qiagen) were dissolved separately in Optimem I (Invitrogen, Carlsbad, CA, USA). After equilibration at room temperature, each siRNA solution was combined with the respective volume of the HiPerFect transfection reagent, mixed gently, and allowed to form siRNA liposome for a further 10 mins at room temperature. The transfection mixture was added to the antibiotic-free cell culture medium to a final concentration of 50 nmol/L IKKa siRNA and 12 mL HiPerFect transfection reagent. After incubating for 4 h under normal cell culture conditions, Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum was added to reach the final volume of the well for 48 h before treatment.
Immunohistochemistry
The effect of cerebral ischemia on the expression level and phosphorylation of IKKa (pIKKa) was examined by immunocytochemistry. Animals were transcardially perfused with 10 Units/mL heparin and subsequently with 4% paraformaldehyde in 0.1 mol/L phosphate-buffered saline, pH 7.4, at 1 h of reperfusion. The brains were quickly removed, postfixed for 12 h, and sectioned at 30 mm on a cryotome. To avoid nonspecific binding, the tissue was treated with 20% normal goat serum, and the sections were incubated overnight at 41C with rabbit anti-IKKa polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-phospho-IKK (pIKK)a/b polyclonal antibody (Cell Signaling Technology, Beverly, MA, USA), and rabbit anti-pIKKa polyclonal antibody (Abcam, Cambridge, MA, USA). The sections were incubated with biotinylated goat anti-rabbit immunoglobulin G (IgG) antibody (Vector Laboratories, Burlingame, CA, USA) for 60 mins at room temperature and were subsequently incubated with avidin-biotin-peroxidase complex (ABC-Elite Kit; Vector Laboratories) for 30 mins and then developed using 3,3-diaminobenzidine (DAB substrate kit; Vector Laboratories) as a color substrate. Methyl green was used for counterstaining. Negative control samples were run in parallel using adjacent sections incubated without a primary or a secondary antibody.
Western Blotting
Animals were decapitated after reperfusion under deep anesthesia with isoflurane (n = 4). Samples of 1-mm thickness (coronal levels 3, 4, 5, 6, and 7) were obtained from the middle cerebral artery territory brain tissue on the ischemic side, including the striatum and cortex, and were quickly frozen in powdered dry ice and kept at À801C until use. Cytosolic and nuclear fractions were prepared from the ischemic brains using ProteoExtract (EMD Chemicals, Gibbstown, NJ, USA). A lysate was run on a sodium dodecyl sulfate gel, subsequently transferred to a polyvinylidene difluoride membrane, and incubated with primary antibodies for 24 h at 41C, and then with secondary antibodies. We used primary antibodies to IKKa (Millipore, Billerica, MA, USA), pIKKa (Abcam), pIKKa/b (Cell Signaling Technology), NF-kB-inducing kinase (NIK) (Cell Signaling Technology), phosphorylation of histone H3 (pH3) (Cell Signaling Technology), HNE (4-hydroxy-2nonenal) (Oxis International, Beverly Hills, CA, USA), nitrotyrosine (Millipore), carbonylated protein (Millipore), transcription factor II D (TFIID) (Santa Cruz Biotechnology), and a-tubulin (Sigma-Aldrich, St Louis, MO, USA). After washing, the membrane was incubated with horseradish peroxidase-conjugated anti-mouse IgG (GE Healthcare, Piscataway, NJ, USA) or horseradish peroxidase-conjugated anti-rabbit IgG at a 1:5,000 dilution for 60 mins. The signal was then detected using a chemiluminescent kit (Thermo Scientific, Rockford, IL, USA). Signals were normalized with a-tubulin or TFIID to standardize equal protein loading. Multi-Analyst 1.0.2 software (Bio-Rad Laboratories, Hercules, CA, USA) was used for data analysis.
Lactate Dehydrogenase Assay
Cell viability after OGD was estimated by quantification of lactate dehydrogenase (LDH) release. A medium of bEnd.3 cells was sampled at 24 h of reoxygenation and was detected using a cytotoxicity detection kit (LDH Kit; Roche Diagnostics, Indianapolis, IN, USA). The percentage of death (percentage of LDH release) was calculated by dividing the experimental time points by the full-kill values Â 100.
Viability Testing
Viability was tested after 4 h of OGD in mouse brain endothelial cells (bEnd.3) treated with the vehicle, scrambled siRNA, or IKKa siRNA. Cell cultures were stained with 2 mmol/L of calcein AM and 4 mmol/L of ethidium homodimer (EthD-1) using a Live/Dead Kit (Invitrogen). Calcein AM and EthD-1 fluorescence were observed through a fluorescence microscope (excitation 470 to 490 nm, dichroic mirror 505 nm, emission 470 to 490 and 590 nm). As calcein AM is converted to green fluorescence by intracellular esterase, green staining indicated metabolically active cells. The ethidium homodimer is an indicator of membrane damage and shows dead cells. The fluorescence image was obtained by Â 100 magnification.
Immunoprecipitation
For immunoprecipitation, cells were lysed in a mild lysis buffer (50 mmol/L Tris-Cl pH 8.0, 150 mmol/L NaCl, 1% NP-40, 0.1 mmol/L phenylmethylsufonyl fluoride, 5 mg/mL aprotinin, and 5 mg/mL leupeptin). A total of 500 mg of the protein sample was incubated overnight at 41C with an anti-IKKa antibody (Santa Cruz Biotechnology) and with protein G-Sepharose (GE Healthcare). The 1,000 Â g pellets were washed three times and used as samples bound to each antibody. After adding the same volume of Trisglycine sodium dodecyl sulfate sample buffer to the samples, we boiled these samples to remove the Sepharose beads. After centrifugation at 1,000 Â g for 1 min, the supernatant was immunoblotted with anti-NF-kB-inducing kinase/pIKKa/pH3 (Ser10) antibody as described in the Western blot method.
Quantification and Statistical Analysis
Data are expressed as mean ± s.d. Comparisons among multiple groups were performed by one-way analysis of variance with appropriate Bonferroni or Dunnet tests (Prism; GraphPad, San Diego, CA, USA). P-values < 0.05 were considered statistically significant.
Results
Oxidative Stress by Cerebral Ischemia Induced Nuclear Accumulation of IjB Kinase-a After Transient Focal Cerebral Ischemia in Mice
Diverse signals such as oxidative stress, cytokines, and pathogens are conducted through distinct signaling pathways that converge on the activation of IKKs. IkB kinase-b-directed phosphorylation initiates IkB phosphorylation and ubiquitination of phosphorylated IkB, resulting in rapid nuclear accumulation of NF-kB subunits. IkB kinase-a, but not IKKb, was found to constitutively shuttle between the cytoplasm and the nucleus, implying a nuclear role for IKKa (Birbach et al, 2004) . To confirm whether the subcellular localization of IKKa changes in oxidative cerebral ischemia, nuclear and cytoplasmic extracts obtained from the brain infarct after tFCI were immunoblotted with antibodies against the IKKa, IKKb, and IKKg subunits. Oxidative stress after 30 mins of tFCI resulted in significant nuclear accumulation of IKKa at 1 h ( Figure 1A) in the mouse brains. Although both IKKb and IKKg were present in the nucleus and cytoplasm, they showed no significant changes in the nucleus after tFCI. Phosphorylated IKKa/b increased in the nucleus until 24 h after tFCI ( Figure 1A) . The purity of the nuclear and cytoplasmic fractions was confirmed with TFIID and a-tubulin antibodies, respectively ( Figure 1A) . The graph in Figure 1B shows the significant nuclear accumulation of IKKa as early as 1 h after tFCI, and nuclear increases in phosphorylated IKKa/b after 30 mins of tFCI. It also shows that IKKa and phosphorylated IKKa/b were distributed from the cytoplasm to the nucleus in response to oxidative stress after tFCI.
Higher Oxidative Stress in Copper/Zinc-Superoxide Dismutase Knockout Mice Enhanced the Phosphorylation of IjB Kinase-a and Histone H3 by NF-jB-Inducing Kinase After Transient Focal Cerebral Ischemia
Oxidative stress after tFCI leads to a marked nuclear accumulation of IKKa. We reported on the degradation of IKKs by oxidative stress after tFCI (Song et al, 2005) . Our study implies that modulation of IKKs is redox sensitive. However, how ROS relate to IKKs remains unclear. To determine the effect of ROS on IKKa after tFCI, we investigated the changes in IKKa in WT and SOD1 KO mice that had high ROS levels and increased intracellular ROS. The SOD1 KO mice showed higher levels of oxidative stressdamaged proteins, including the carbonyl group, HNE-conjugated proteins, and nitrotyrosine, compared with the WT mice 1, 6, and 24 h and 7 days, respectively, after tFCI (data not shown). Cerebral ischemia resulted in increases in pIKKa and induced nuclear accumulation of IKKa in the cytosol and nucleus of the WT mice 1 h after tFCI (Figure 2A ). In the SOD1 KO mice, high levels of pIKKa were observed in the nucleus after tFCI (Figure 2A ). This suggests that IKKa may have a predominant role in the nucleus. The figure shows that oxidative stress increased accumulation and phosphorylation of IKKa. Upstream regulation of IKKa by oxidative stress is not well documented in cerebral ischemia. Nuclear factor-kB-inducing kinase, an upstream kinase in the NF-kB activation pathway, preferentially phosphorylates IKKa, leading to the activation of IKKa. The physiologic role of NIK in cerebral ischemia remains unclear. Oxidative stress caused by cerebral ischemia increased the levels of NIK in the cytosol and nucleus, which were higher in SOD1 KO mice than in WT mice after tFCI. Increased histone H3 phosphorylation was also detected in accordance with increased pIKKa in the nucleus after tFCI in SOD1 KO mice (Figure 2A ). Quantification confirmed that nuclear levels of NIK, pIKKa, IKKa, and pH3 were significantly higher in SOD1 KO mice than in WT mice after tFCI ( Figure 2B) . These results show that NIK was rapidly increased after high oxidative stress and that phosphorylated IKKa and histone H3 were in the nucleus of SOD1 KO mice after tFCI.
IjB Kinase was Localized in Endothelial Cells of the Ischemic Brain After Transient Focal Cerebral Ischemia
To clarify the spatial distribution of IKKa, we investigated the level of IKKa expression in mouse brains after tFCI using immunocytochemistry. The sham-manipulated animals showed weak IKKa that was predominantly cytoplasmic, with low but detectable nuclear levels in the endothelial cells ( Figure 3A) . Animals subjected to 30 mins of tFCI exhibited IKKa-positive immunostaining in the endothelial cells of the ischemic brains at 1 h. Levels of IKKa in the nucleus were higher ( Figure 3B ). Phosphorylation of both IKKa and IKKa/b was low in the unstimulated brains, but there were detectable levels in the cytosol (Figures 3C and 3E) , whereas the ischemic brains showed higher levels of phosphorylation 1 h after tFCI ( Figures 3D and 3F ). Nuclear accumulation of phosphorylated IKKa and IKKa/b was increased 1 h after tFCI. Immunostaining with an anti-IKKa antibody and anti-pIKKa antibody showed distribution of IKKa in brain endothelial cells and confirmed the Western blot analysis.
Nuclear IjB Kinase-a Phosphorylated Histone H3 (Ser10) After Oxygen-Glucose Deprivation in Mouse Brain Endothelial Cells
We have shown that IKKa was distributed in mouse brain endothelial cells and was increased in the nucleus of these cells after 30 mins of tFCI. To confirm the nuclear role of IKKa in response to oxidative stress, OGD was used on bEnd.3 cells. It has been reported that IKKa had histone H3 kinase activity after cytokine exposure to mouse embryo fibroblasts (Yamamoto et al, 2003) . These authors Figure 2 High oxidative stress increased phosphorylation and nuclear accumulation of IKKa after 30 mins of tFCI in SOD1 KO mice. (A) In the Western blot analysis, IKKa was shown as a single band of molecular mass of 85 kDa in the cytosol and nucleus. Three strong bands that had immunoreactivity with a pIKKa antibody were identified in the nucleus. A monomer of pIKKa at 85 kDa was detected in the nucleus of WT and SOD1 KO mice after tFCI. In SOD1 KO mice, high levels of NIK, pIKKa, and pH3 were seen in the nucleus after tFCI. (B) The graphs illustrate the relative changes in the amounts of NIK, pIKKa, IKKa, and pH3 after tFCI. All data are mean ± s.d. from three independent experiments (*P < 0.05, **P < 0.01 compared with sham-operated mice (sh), + P < 0.05, + + P < 0.01 compared with WT mice). a-Tubulin and TFIID were used as internal controls.
suggested that IKKa was responsible for tumor necrosis factor-a-induced phosphorylation and for the subsequent acetylation in histone H3. We investigated whether IKKa might be associated with phosphorylation of histone H3 through NIK after OGD in bEnd.3 cells. Nuclear factor-kB-inducing kinase was rapidly increased in accordance with nuclear accumulation of IKKa. Phosphorylation of histone H3 (Ser10) was increased in bEnd.3 cells compared with controls ( Figure 4A ). This implies that IKKa, increased by OGD, and which may interact with other proteins, has a role in the IKK found in mouse cerebral endothelial cells. To confirm whether IKKa interacted with NIK and histone H3 in these bEnd.3 cells, we treated cells with 4 h of OGD and captured endogenous IKKa by immunoprecipitation with an anti-IKKa antibody. Western blot analysis showed an increase in NIK, pIKKa, and pH3 ( Figure 4B ). Equal amounts of IKKa and IgG were confirmed in each lane (bottom two rows). These results verify that IKKa has a role as a kinase for histone H3 through interaction with NIK in response to oxidative stress in mouse brain endothelial cells.
The Role of IjB Kinase-a After Oxygen-Glucose Deprivation in Mouse Brain Endothelial Cells
As oxidative stress such as cerebral ischemia and OGD resulted in IKKa activity for histone H3 through NIK, we investigated the physiologic role of IKKa. To determine whether inhibition of IKKa affects OGDinduced cell death, bEnd.3 cells were transfected with either a scrambled siRNA or siRNA targeting IKKa. Oxygen-glucose deprivation was terminated by adding oxygen and glucose to the medium (reperfusion). After 4 h of OGD, expression of matrix metalloproteinase-9 (MMP-9) and pH3 (Ser10) was increased compared with controls, in accordance with nuclear accumulation of IKKa in bEnd.3 cells ( Figure 5A) . IkB kinase-a siRNA was effective in attenuating the expression of MMP-9 and IKKa, as well as the pH3 levels after OGD in mouse cerebral endothelial cells. A quantitative analysis showed that the absence of IKKa significantly reduced the levels of proinflammatory MMP-9 after hypoxia ( Figure 5B) . Viability of the cells was assessed using calcein AM (green) and EthD-1 (red). Living cells were stained green, and dead cells were stained red. Most of the cells treated with scrambled siRNA or IKKa siRNA were viable before the injury ( Figure 6A ). After 4 h of OGD, dead cells were confirmed by EthD-1 staining in the vehicle-or scrambled siRNA-treated cells after 4 h of OGD. Cell death was reduced in IKKa siRNA-treated bEnd.3 cells after OGD. The increase in cell viability was confirmed by the increase in calcein AM cells in IKKa siRNA-treated bEnd.3 cells. The medium was then sampled for LDH release as a measure of cell injury. Four hours of OGD increased cell death in vehicle-or scrambled siRNA-treated cells ( Figure  6B ). Treatment with IKKa siRNA showed less cell death than did treatment with scrambled siRNA after Figure 4 Changes in NIK, IKKa, and pH3 (Ser10) after 4 h of OGD in mouse cerebral endothelial (bEnd.3) cells. (A) NIK, an upstream kinase of IKKa, and pH3 (Ser10) were increased compared with the controls (Con) in accordance with nuclear accumulation of IKK in bEnd.3 cells. a-Tubulin and TFIID were used as internal controls. Quantitative analysis showed the relative changes in the amount of NIK, IKKa, and pH3 (Ser10) (n = 4, *P < 0.05, **P < 0.01 compared with controls). (B) Endogenous IKKa was captured by immunoprecipitation (IP) with an anti-IKKa antibody in the total fraction of bEnd.3 cells. Results were detected by immunoblotting (IB) using antibodies to NIK, pIKKa, and pH3. Coimmunoprecipitation analysis for pIKKa/NIK/pH3 in bEnd.3 cells showed significant increases in OGD in bEnd.3 cells compared with control cells. Input lysates showed no differences. Grouped quantitative data are presented as mean±s.d. (n = 3, *P < 0.05, **P < 0.01).
OGD. This suggests that activation of IKKa by oxidative stress is related to cell death after OGD.
Discussion
IkB kinase-a is one of the catalytic kinases in the classic IKK complex. Unlike the effect of the other catalytic kinase (IKKb) on IkB degradation and NF-kB in the canonical pathway, IKKa has a crucial function to facilitate NF-kB-dependent gene transcription (Ghosh and Karin, 2002; Lee and Hung, 2008; Li et al, 2002) . IkB kinase activation does more than merely induce IkB degradation and NF-kB release. The IkB-independent targets of IKKa and IKKb are in the process of being identified, revealing that activation of IKKs could result in more widespread effects on cell signaling than realized previously (Perkins, 2007) . It has also been reported that IKKa requires nuclear translocation for it to function and that it is independent of NF-kB signaling (Anest et al, 2003) . We showed that tFCI resulted in nuclear translocation and phosphorylation of IKKa. In cerebral ischemia, how ROS regulate IKKa is still largely unknown. Although downstream mechanisms of IKKs in oxidative stress are well documented, an understanding of their upstream molecular events remains to be elucidated. In the results of our study, higher oxidative stress in SOD1 KO mice dramatically increased nuclear translocation and phosphorylation of IKKa in accordance with increases in NIK after cerebral ischemia. In response to treatment with an endotoxin, NIK accumulated in the nuclear compartment where it had a role in the activation of IKKa (Park et al, 2006) . Nuclear factor-kB-inducing kinase had both functional nuclear import and nuclear export signals, resulting in continuous shuttling between the cytoplasm and the nucleus with relatively rapid kinetics (Birbach et al, 2004) , causing pIKKa and subsequent phosphorylation of histone H3 in macrophage Raw 264.7 cells (Park et al, 2006) . Our results showed that NIK was increased in the nuclei of the ischemic brains and in endothelial cells after oxidative stress, even though the distribution of NIK was larger in the cytosol than in the nucleus. We suggest that oxidative stress increased the nuclear translocation of NIK from the cytosol and interacted with histone H3 and IKKa in the nucleus.
What factors convey IKKa to the nucleus? Nuclear entry depended on a nuclear localization sequence within the IKKa domain, the disruption of which prevents the induction of keratinocyte differentiation (Sil et al, 2004) . Our results showed that oxidative stress increased NIK expression and stimulated nuclear translocation and phosphorylation of IKKa in cerebral ischemia. Although many new IKKa functions have recently been discovered, there is no report on how oxidative stress affects IKKa in the brain. We found that IKKa accumulated in the nuclei of mouse brain cells after cerebral ischemia. The expression and phosphorylation of IKKa, especially, were increased in brain endothelial cells after tFCI, and this confirmed the nuclear accumulation of IKKa. To clarify the nuclear role of IKKa in oxidative stress, we investigated IKKa activity for histone H3 using OGD in bEnd.3 cells. Histone H3 modification is one of the key regulatory steps essential for transcriptional activation. Stimulation of both the extracellular signal-regulated kinase pathway and the stress-activated p38 pathway also resulted in an increase in phosphorylation of histone H3 (Ser10) during activation and expression of immediate early genes, such as c-myc and c-fos (Chadee et al, 1999) . Cytokine-induced phosphorylation of Ser10 by IKKa in histone H3 is important for the subsequent acetylation of Lys14 by cyclic adenosine monophosphate-response element-binding protein for NF-kBdirected gene expression (Yamamoto et al, 2003) . The nuclear role of IKKa associated with oxidative stress after cerebral ischemia is not known. We showed that phosphorylation of histone H3 (Ser10) is increased in accordance with nuclear accumulation of IKKa after tFCI in mice and after OGD in mouse brain endothelial cells. It has been reported that pIKKa was detected with pH3, which showed the strong histone H3 kinase activity of phosphorylated IKKa (Park et al, 2006) . Histone H3 phosphorylation was proposed to recruit and activate histone acetyl transferase in the cyclic adenosine monophosphateresponse element-binding protein. Modification of specific residue in the N-terminal tails of histones served as a signal for the binding of specific coactivators, resulting in increased gene expression of hippocampal neurons (Crosio et al, 2003) . Our IKKa siRNA experiments confirmed that treatment with IKKa siRNA decreased the level MMP-9 and levels of phosphorylated Ser10 histone H3. Although the immortalized mouse brain endothelial cell line bEnd.3 could not exactly reflect the status of mouse brain endothelial cells, our data show that IKKa was activated in both endothelial cells of mouse brains after tFCI and in bEnd.3 cells after OGD. For a further understanding of the molecular mechanism regulating cerebral ischemia, a study of primary cultures of brain microvessel endothelial cells would be valuable. Our data indicate that nuclear IKKa has a role in phosphorylation of Ser10 in histone H3 in brain endothelial cells after oxidative stress, resulting in cell death, which was reduced by siRNA targeting of IKKa. Targeting IKKs is common for the development of novel therapeutic interventions for many human diseases (Lee and Hung, 2008) . A selective inhibitor of IKKb has been suggested for stroke therapy, because IKKb has a major role in neurotoxicity during cerebral ischemia (Herrmann et al, 2005) . We found that nuclear translocation and phosphorylation of IKKa through NIK in response to oxidative stress resulted in the phosphorylation of histone H3 and cell death. Modulation of IKKa is a new potential therapeutic target for clinical application in stroke. Figure 6 Viability of IKKa siRNA-treated bEnd.3 cells after OGD. (A) Viability of the cells was assessed using calcein AM (green) and EthD-1 (red). Living cells were stained green and dead cells were stained red. Upper panels: Most of the cells treated with the vehicle, scrambled siRNA, or IKKa siRNA were viable before the injury. Lower panels: After 4 h of OGD, dead cells were confirmed by EthD-1 staining in vehicle-or scrambled siRNAtreated cells after 4 h of OGD. Cell death was reduced in the IKKa siRNA-treated bEnd.3 cells after OGD. The increase in cell viability was confirmed by the increase in calcein AM cells in IKKa siRNA-treated bEnd.3 cells. Scale bar = 50 mm. (B) bEnd.3 cells were transfected with IKKa siRNA and were then exposed to 4 h of OGD, followed by reperfusion until 24 h. Cell death was assessed by LDH release. Values are expressed as mean ± s.d. of three different experiments (*P < 0.05 compared with scrambled siRNA).
